Abstract: Blends of chitosan and synthetic aliphatic polyesters (polybutylene succinate, polybutylene succinate adipate, polycaprolactone, and polybutylene terepthalate adipate) were compounded with and without hydroxyapatite, a bioactive mineral filler known to enhance osteoconduction. The blends and composites were compression molded with two different granulometric salt sizes (63-125 lm and 250-500 lm) having different levels of salt content (60, 70, and 80%) by weight. By leaching the salt particles, it was possible to produce porous scaffolds with distinct morphologies. The relationship between scaffold morphology and mechanical properties was evaluated using scanning electron microscopy, microcomputed tomography, compression testing, differential scanning calorimetry, small-angle X-ray scattering (SAXS), and wide-angle X-ray scattering. The produced scaffolds are characterized by having different morphologies depending on the average particle size and the amount of NaCl used. Specimens with higher porosity level have a less organized pore structure but increased interconnectivity of the pores. The stress-strain curve under compression displayed a linear elasticity followed by a plateau whose characteristics depend on the scaffold polymer composition. A decrease in the salt particle size used to create the porosity caused in general a decrease in the mechanical properties of the foams. Composites with hydroxyapatite had a sharp reduction in yield stress, modulus, and strain at break. The melting temperature decreased with increased chitosan content. SAXS results indicate no preferential crystalline orientation in the scaffolds. Cytotoxicity evaluation were carried out using standard tests (accordingly to ISO/ EN 10993 part 5 guidelines), namely MTS test with a 24-h extraction period, revealing that L929 cells had comparable metabolic activities to that obtained for the negative control.
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INTRODUCTION
Tissue engineering has recently boosted the interest in producing porous structures for scaffolding in tissue regeneration. The underlying principle in tissue engineering is that cells isolated from a patient are cultured, expanded, and even induced to differentiate in vitro in a cell culture. Still in vitro, the cells are seeded onto a scaffold being further matured in vitro, eventually in dynamic culture conditions, after which is implanted back into the patient defect to act as an inductor for regeneration of the tissue. 1 The porous scaffold provides surface area for further cell expansion and colonization of the whole volume, favoring diffusion of nutrients and metabolites and providing temporary support for the cells.
Ideal scaffolding materials for use in hard tissue engineering must satisfy certain requirements. The materials (and their degradation products) must be noncytotoxic and allow production of biocompatible structures adapted to the tissue to be regenerated. The materials should be biodegradable with an adjustable degradation rate that should match closely the rate of tissue regeneration. The scaffold must also possess mechanical properties adequate to sup-port morphogenesis of the neotissue and also to allow for manipulation of the device. It should provide appropriate surface chemistry to facilitate cell attachment, proliferation, and differentiation. Moreover, it should possess the appropriate pore size and interconnected pore network to facilitate extracellular matrix production and tissue ingrowth, enable vascularization to develop, improve oxygen and nutrients supply, and metabolite removal. 2 Materials that have been evaluated for use in tissue engineering constructs include synthetic polymers, natural polymers, ceramics, metals, and many combinations of the aforementioned types. However, it is highly desirable that the constructs biodegrade, enabling designing temporary systems that maintain available space for the regenerated tissue. Biodegradable aliphatic polyesters such as poly(lactic acid), poly (glycolic acid), polycaprolactone (PCL), and their copolymers are the most widely used synthetic polymers in the field of bone and cartilage tissue engineering.
A natural polymer that has received increased attention in the biomedical field is chitosan. Chitosan can be obtained by alkaline deacetylation of chitin, the second most abundant natural polysaccharide being extracted mainly from the exoskeleton of shellfish. 3 Because of the N-acetyl glucosamine repeating units, the chitosan structure is similar to glucosaminoglycans and seems to mimic their functional behavior. The scientific basis for the utility of N-acetylglucosamine in enhancing the promotion of wound healing is well documented. 4, 5 Studies have been devoted to produce blends of synthetic polymers with chitosan to combine the superior mechanical properties of the synthetic polymers with the biocompatibility and biological interactions of the natural polymer. 6, 7 The properties of a scaffold depend not only on the selected material but also on the technology used for its processing. Methods based on the leaching of soluble particulates are widely employed in the fabrication of 3D porous structures (scaffolds). [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] By these methods, the porosity can be controlled by varying the amount of leachable particles. The pore size and pore morphology can be adjusted, independent of the porosity, by using particles of different sizes and different morphologies. 8, 9 To improve the structure and to increase the pore interconnectivity of the porous scaffold, particulate leaching has been used in combination with other techniques, namely: solvent casting, 9,10 gas forming, 11, 12 freeze-drying, 13 injection molding, 14 extrusion, 15 and compression molding. 8, 16, 17 Some of these methods require the use of organic solvents (e.g., solvent casting followed by particulate leaching). Residual traces of organic solvents used in the process may remain entrapped in the scaffold and eventually damage the cells seeded onto the scaffolds or tissues at the transplantation site. 18, 19 Significant efforts have been made to manufacture porous scaffolds without organic solvents for tissue engineering applications. 11, 12, [18] [19] [20] One such technology involves melt-based compression molding followed by particulate leaching. The process involves physically mixing a polymer (usually in the powder form) with defined amounts of calibrated leachable particles and loading this powder onto a mold. This is followed by the application of heat and pressure (compression) that result in the melting of the polymeric phase. The compression maximizes the packing of the mixture. The heating process causes the fusion of the polymer particles and promotes the formation of a continuous polymeric network that provide mechanical stability to the structure. The last stage consists in immersing the molded polymerporogen composite in a solvent that selectively dissolves the porogen agent. This methodology has been successfully applied in the production of natural origin starch-based scaffolds. 21 This study reports on the production of novel scaffolds made from blends of chitosan and biodegradable synthetic aliphatic polyesters produced by the melt-based routine involving compression molding and salt leaching. The motivation for this work was to develop and to produce a new range of chitosanbased scaffolds using novel polymeric matrices in an established melt processing technology. Most of the approaches reported in the literature to produce scaffolds from chitosan-based blends or composites involve the use of solvents, this work being the first reporting the use of a melt-based route. Moreover, the methodologies described in this article are very versatile and avoid the drawbacks associated with solvents and allows producing a large variety of scaffolds with a wide range of porosities and pore morphologies using different polymers. The scaffolds were made with different pore sizes and porosity, aiming at applications in bone and cartilage tissue engineering. We report herein the mechanical and thermal properties and morphology of the newly developed 3D constructs.
MATERIALS AND METHODS

Materials
The polyesters used in this study include poly-e-caprolactone (PCL), poly(butylene succinate) (PBS), poly(butylene terepthalate adipate) (PBTA), and poly(butylene succinate adipate) (PBSA). The chitosan used had a degree of deacetylation of 85%. 
Processing of scaffolds
The chitosan/polyester blends and composites were compounded in a twin-screw extruder. The details of the processing conditions are described elsewhere. 22, 23 Salt was obtained from a local grocery store. The group of the larger range of NaCl particles (250-500 lm) was obtained by sieving the raw material. The second group (63-125 lm) was obtained by grinding the raw material that was further sieved. The compounded blends or composites were ground, mixed with salt, loaded into a mold that was further heated, and compression molded into discs. The salt content was 60 and 80% by weight for blends and 60 and 70% by weight for composites containing hydroxyapatite (HA).
The aim of using two different salt amounts and two different salt particle size ranges was to produce scaffolds with varying amounts of porosity and pore sizes and analyze the effect of these parameters on the morphology and mechanical of the developed scaffolds. Some scaffolds were selected to analyze the effect of compression-molding processing method on the crystallinity and thermal properties of the polyester part.
The compression-molded discs were further sliced to obtain cubes with nominal dimensions of 5 mm. The cubes were then immersed in distilled water to leach out the porogen. The water was replaced daily. Preliminary studies had shown that immersing for a period of 6 days would enable the entire salt to leach out. The cubes were dried to constant weight and used for further testing. The various scaffolds composition, levels of porosity and pore size are summarized in Table I .
Mechanical properties
Uniaxial compression tests were performed on the cubic scaffolds using a Universal tensile testing machine (Instron 4505 Universal Machine). Each specimen measured 5 mm in the direction of testing and was 5 mm square in crosssection. Samples were conditioned at room temperature for at least 48 h before testing. A crosshead speed of 2 mm/min was used in the compression tests. The values reported are the average of at least five specimens per condition. The compressive modulus was determined in the most linear region of the stress-strain graph and in the cases that the yield stress was not clear it was calculated as the stress at the intersection of a line drawn parallel to the linear region and intercepting the x-axis at 1% strain.
Morphological analysis
The cross-section of all the developed scaffolds was analyzed using a Leica-Cambridge S-360 scanning electron microscope (SEM) for preliminary assessments on the morphology of the scaffolds. All the samples were sputtercoated with gold prior to SEM observations. Microcomputed tomography (lCT) equipment (SkyScan, Belgium) was used as a nondestructive technique for a very detailed analysis of the morphology of the developed scaffolds using only chitosan-based blends. Four scaffolds of each condition were scanned in high-resolution mode of 8.7 lm x/y/z and an exposure time of 1792 ms. The energy parameters defined in the scanner were 63 keV with a current of 157 lA. Isotropic slice data were obtained by the system and reconstructed in 2D images. These slice images were compiled and analyzed to render 3D images and obtain quantitative architecture parameters. A lCT analyser and a lCT Volume Realistic 3D Visualization, both from SkyScan, were used as image processing tools for both lCT reconstruction and to create/visualize the 3D representation. Regions of interest (square of 4.5 3 4.5 mm 2 ) were selected in each slice image and thresholded to eliminate background noise. This threshold (to distinguish polymer material from pore voids) was chosen and maintained constant for all the scanned specimens and samples. The threshold was also inverted to obtain pore volume and to analyze both the pore morphology and its interconnectivity.
Differential scanning calorimetry
The differential scanning calorimetry (DSC) experiments were performed in a Perkin-Elmer DSC7 apparatus using a water cooling accessory and nitrogen as a purge gas (flux /min). Both temperature and heat flux were calibrated with indium (99.99999% purity) at a scanning rate of 208C/min. The samples were obtained by cutting a small piece of the scaffold, with about 10 mg weight. All the experiments were performed at 208C/min, starting from room temperature. Only the first run samples were analyzed, which reflects both the type of existing materials and the general morphology developed during processing.
Crystallinity
Wide-angle X-ray scattering (WAXS) and small-angle Xray scattering (SAXS) experiments on some representative scaffolds were performed using X-ray synchrotron radiation at the Soft Condensed Matter A2 beamline of DESY-HASYLAB (Hamburg, Germany). The experimental setup includes a MARCCD detector for acquiring two-dimensional SAXS patterns (sample-to-detector distance being 280 cm) and a linear detector for 1D WAXS measurements (distance 23 cm).
Cell cytotoxicity assays
A rat lung fibroblast cell line -L929-, acquired from the European Collection of Cell Cultures, was used to perform cytotoxicity tests. Cells were grown as monolayers in Dulbecco's modified eagle's medium (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (Biochrom, Berlin, Germany) and 1% of antibiotic-antimycotic mixture (10,000 U/mL penicillin G sodium; 10,000 U/mL streptomycin sulphate; 25 lg/mL amphotericin B) (Gibco, Invitrogen, USA). Trypsin/EDTA (0.25% w/v trypsin/0.02% EDTA, Sigma) was used to detach the cells from the culture flasks before the experiments were conducted. Cells were seeded in 96-well plates (n 5 6) at a density of 1.8 3 10 4 cells/well and incubated for 24 h at 378C, in a humidified atmosphere with 5% CO 2 .
The ratio of material weight to extract fluid was constant and equal to 0.25 g/mL. Latex rubber was used as a positive control of cell death, because it has a strong cytotoxic effect leading to extensive cell death. The ratio of latex material outer surface to extraction fluid was 2.5 cm 2 / mL. Culture medium was used as negative control of cytotoxicity, considered to be the ideal situation of cell growth. Test scaffolds (n 5 6) and positive control were extracted for 24 h at 378C, using complete culture medium as the extraction fluid. Before the tests, culture medium was removed from wells with cells adhered, and an identical volume (200 lL) of extraction fluid was added. The cells were left to proliferate in the extract fluid for 72 h. After this period, the extraction fluid was removed, and the serum-free culture medium without phenol red and a substrate-3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2(4-sulfofenyl)-2H-tetrazolium (MTS; CellTiter 96 One solution Cell Proliferation Assay kit; Promega, Madison, WI), in a proportion of 5:1, was added to each well. This reaction is based on the reduction of MTS, into a brown formazan product by an enzyme-dehydrogenase-active in all viable cells.
Cells were then incubated for 3 h at 378C in a humidified atmosphere containing 5% CO 2 . After this period, optical density (OD) was measured with a plate reader (Biotek, model Synergy HTi) at 490 nm. The mean OD value obtained was standardized taking into account the values for the negative control.
RESULTS AND DISCUSSION
Morphological characterization
The cross-sectional pore morphology of scaffolds after salt leaching was analyzed using SEM. No significant morphological differences were observed between the scaffolds of different polymeric materials produced with both the same range of particle size and same amount of salt. This indicates that material composition does not significantly affect the morphology of the developed scaffolds. However, variations in the amount and/or in the range of NaCl average particle size affected the porosity and pore structure of the scaffolds.
Considering that material composition did not affect porosity and pore morphology, the produced scaffolds were divided into four groups in order to analyze the effect of the other two variables (salt amount and range of salt particle size) into pore morphology and porosity. Representative SEM images of the four different groups are presented in Figure 1 . Qualitative analysis of the scaffolds architecture can be made by studying these images. Increasing the amount of salt particles resulted in an increased porosity and interconnectivity in both salt particle size ranges. Using salt particles with different size range also affected the pore morphology. In the case of using larger salt particle size (250-500 lm), the pores in the scaffolds mimic the cubic salt crystals with a narrow distribution of average pore size that is consistent with the size of the particles used [ Fig. 1(b,d) ]. Scaffolds obtained using smaller salt particles (63-125 lm) do not show a clear relation between the pore structure and the particle shape [ Fig. 1(a,c) ]. In these cases, a larger pore size distribution is observed. The average pore size is larger than the particle size used, probably because of clustering of the smaller porogen particles in aggregates. Although there are pores with sizes in the range of 63-125 lm as the porogen, when 80% of salt was used, the majority of the pores have a significantly larger size. These larger pore sizes were observed probably due to aggregate formation of the salt particles that were not disrupted during the mixing process. This observation may be connected with a tendency of the smaller NaCl grains to aggregate in the presence of trace amounts of moisture. To better understand these results, both groups of particles used in this study were analyzed by optical microscopy using phase contrast mode (Fig. 2) , where the tendency to produce aggregates is confirmed.
The grinding procedure also affected the morphology of the salt particles. The morphology of the larger particles (just sieved) presented almost perfect cubic shape [ Fig. 2(a) ]. Conversely, the smaller particles presented an irregular morphology because of the grinding process that mechanically fragmented the crystals into smaller pieces [ Fig. 2(b) ]. It was also difficult to observe individual particles when this group was analyzed, as most of them were aggregated in clusters. This indicates that the small particle size had a tendency to aggregate in the presence of humidity, probably because of the larger surface area of the particles. Attempts were made to minimize the agglomeration of smaller particles, such as grinding the polymeric blends to a size similar to the porogen used. This methodology was used for all the scaffolds. This procedure reduced the agglomeration but did not completely eliminate its effects.
Recently, lCT was employed for the observation and analysis of 3D porous scaffolds. 24 Its advantages include the fact that it is a nondestructive technique that allows analysis the scaffold interior as opposed to SEM that requires sectioning. lCT allows visualizing and measuring the complete three-dimensional volume of the structures without any further sample preparation or chemical fixation.
The 3D scaffolds structure of chitosan-based blends was analyzed using X-ray and lCT. For each processing condition, four scaffolds were scanned and analyzed. A representative 2D X-ray image on the region of interest (a square of 4.5 3 4.5 mm) of the four groups of scaffolds is shown in Figure 3 . The white regions of these images correspond to material-rich regions, whereas the darker areas correspond to pores. Previous SEM observations were confirmed by analyzing these 2D lCT images, where a substantial difference exists between porous structures obtained with 60 and 80% by weight of salt. Pores resulting from the leaching of the larger range of particle size have cubic shape [ Fig. 3(b,d) ], particularly the pores obtained using 60% of salt that have a very narrow distribution of pore dimensions. The specimens with larger porosity have less organized pore structure, probably because of contacting adja- cent particles. As a result, an increased interconnectivity of pores is observed. Samples obtained using the smaller particle sizes have pores with relatively unrelated shape [ Fig. 3(a,c) ]. The pores on those scaffolds indicate the leaching of clusters of particles. The resulting pores resemble small tunnels interconnected across the entire scaffold volume. Because of the probable agglomeration, it appears that the scaffolds obtained with the smaller particle sizes possess higher interconnectivity than the ones obtained using the larger particle size. This is consistently observed for both porosities.
The images of the region of interest were threshold and binary images were obtained (figure not shown). For all the analyzed scaffolds, a dynamic threshold ranging from 255-60 gray scale values was used to distinguish polymer material from pore voids. This setting was used for all the scanned specimens. Individual 2D analysis of the binary images (with a region of interest of 4.5 3 4.5 mm 2 ) obtained along the scaffold cross-section consisting of 300 slices was performed for morphometry calculations. The total porosity and pore size of each scaffold specimen (Table I) was obtained as the average of the individual porosity and pore size of the 300 slices of each scaffold. For each condition, four scaffolds were analyzed. As expected, the volumetric porosity depends on the amount of porogen particles used, and in all the cases was very similar to the amount of salt used, whereas no significant influence of the NaCl particle size was observed on those results. The average pore size of the scaffolds is strongly affected by both particle size and particle amount. In scaffolds prepared with 60 wt % of salt with a particle size range of 250-500 lm, the observed average pore size is smaller than expected. This result indicates that the sieving process is not sufficiently accurate to allow controlling the pore size in the scaffolds after porogen removal. When the amount of salt was set at 80 wt %, there was a marginal increase on the average pore size. However, this variation was more pronounced when 80 wt % of salt with particle size of 63-125 lm was used, being in most of the cases larger than when the porogen particles with the granulometric size range of 250-500 lm was used. This is a clear indication that the smaller particles are more prone to agglomeration probably because of the environmental humidity. This result also confirms previous SEM observations, where smaller porogen particles led to larger average pore size in the scaffolds.
Using a lCT-analyser (CTan), 3D models of the different scaffolds were made using a square region of interest (4.5 3 4.5 mm 2 ) and a length of 300 slices (Fig. 4) . To analyze the morphology in the bulk of the scaffold, 3D models were made using only 50 sli- ces (figure not shown). In both cases, a dynamic threshold in the range 255-60 gray scale was used. No significant differences were observed between the bulk and the global morphology of the scaffolds. As expected, the architecture of the scaffolds is deeply affected by the amount of salt and by the salt particle size range used.
By inverting the threshold, a negative image of the scaffolds was created (figure not shown). This image corresponds to the volume of the pores and allowed to visualize the pore morphology and also to evaluate pore interconnectivity. As observed previously, the morphology of the pores changed when salt amount and particle size range were varied. The pores obtained using the larger range of particles mimicked the perfect cubic shape of the NaCl particles used (figure not shown). As the porosity was increased from 60 to 80%, this effect was less visible due to the increased number of contact points between the adjacent particles, causing more difficulties in identifying pores with perfect cubic shape. This effect resulted in the improvement of the interconnectivity. The pores produced with the smaller range of porogen particles resulted mostly from the leaching of clusters of NaCl particles. These pores have an undefined morphology with a larger distribution of average pore diameter.
The use of smaller range of particles also resulted in scaffolds with a higher degree of interconnectivity of the pore network. This is particularly visible when the higher porosity scaffolds were analyzed.
Mechanical properties
The nominal stress-nominal strain curve for the various polyesters and their blends for differing porosities and pore sizes are shown in Figures 5-9 . Stress is defined as the load per total area of the specimen, while strain is calculated on the entire structure and not on the microscopic strain in the cell walls. The compressive modulus was calculated as the slope of the most linear region of the stressstrain curve prior to the yield point. The compressive stress was calculated as the maximum stress prior to the collapse of the porous construct. All tests were conducted on the specimen with identical dimensions, since the specimen size affects its mechanical properties. 25 The stress-strain curves of most of the scaffolds exhibit qualitative characteristics similar to that of metallic or polymeric foams. [26] [27] [28] The shape of the curve varies with the amount of porosity, pore size, composition, and the type of polyester. At the initial stage of compression, an elastic region is observed that is followed by a peak stress for scaffolds obtained with all materials. This linear elastic region is related to cell-edge bending in open-cell foams. 26 The peak stress is typically associated with the beginning of crack initiation where the cell walls start to buckle. A distinct yield point after the elastic region may be observed in some cases. After this initial stage, the curve changes to a regime of very strong plastic flow characterized by a significant change in the slope of the stress versus strain curve. For some compositions (Fig. 5) , the curve is horizontal, that is, the stress does not change during large strain levels (blends containing PBTA and PBSA). In other compositions, the plastic regime is not associated with a flat plateau, but the stress continues to monotonically increase with strain (blends containing PCL Fig. 5 ). In this region, as stress increases, the cells begin to collapse by elastic buckling, yielding, or fracture, depending on the nature of the predominant cell wall material. 29 This region corresponds to a high-energy absorption, where the space occupied by the hollow pores is filled by materials that are being compressed. Following the extended plateau regime (Fig. 5) , the stress-strain curve changes into the regime of densification. In this regime, the cell wall touches each other cell walls, and it is accompanied by a steep increase in stress. At higher strain, the rupture causes the cell walls to break into small pieces, squeezing it and causing the stress to increase.
Pure polyesters display a smooth stress-strain curve (Fig. 6 ). In these samples, the yield points are less obvious. The plateau stress is not identifiable in these scaffolds as the materials did not fracture; rather, the scaffolds continue to strain harden at all strains. This behavior is also observed for blends containing 25% chitosan and 75% PBS (Fig. 7) and Figure 5 . The effect of polyester type on the stress-strain plot of scaffolds having 50% chitosan and a porosity of 80% with particle size range between 63 and 125 lm.
the low-porosity blends of 50% chitosan and 50% PBTA (figure not shown). In these materials, a partial collapse of some parts of the scaffolds was observed while the remaining part still behaved elastically. Alternately, the cell walls could undergo plastic yielding throughout the deformation range. The strain at which densification occurs for pure polyesters is larger than those that occur in the blends.
The stress-strain curves for blends of chitosan and polyester are shown in Figures 5 and 7 . The stressstrain behavior is affected by the type of polyester used in the blend. For blends of 50% chitosan/50% PCL (at 60% and 80% porosity), 50% chitosan/ PBTA (60% porosity), and 25% chitosan/75% PBS (60% and 80% porosity), the stress-strain behavior is similar to that of the pure polyester. For the scaffolds produced using larger salt particle size, as the chitosan content increased, the modulus increased. The yield stress reached a maximum with 50% of chitosan, decreasing for the material with 70% of chitosan (Fig. 7) . For the scaffolds obtained with smaller particles, both the yield stress and modulus decreased with increasing chitosan content. The addition of HA causes a significant reduction in both the strength and the modulus. These are immiscible blends, and earlier studies have already shown 23 that HA displays poor adhesion to the chitosan/polyester matrix.
The values for the compressive yield stress and modulus for various specimens are listed in Table II . At similar pore size, increasing the porosity decreased the yield stress and the modulus. This was an expected result, since a higher amount of porosity corresponds to a smaller volume of material sustaining the stress. Scaffolds prepared using larger particle size ranges show higher compressive modulus than the ones prepared using particles of lower size (with the exception of PBTA blends). Similar results were reported in the literature by other research groups. 30, 31 This result is in accordance with the previous morphological analyses showing that the scaffolds prepared with larger particle size possess pores with a more organized and defined structure and apparently having lower interconnectivity than do the ones prepared using smaller particle size. Pore interconnectivity makes the structure more brittle, reducing scaffold stiffness. Decreasing the salt particle size also decreased the yield stress of the foams. Gibson and Ashby 29 analyzed the collapse stress of porous metal and concluded that the collapse stress is unaffected by the pore size. Following the analysis outlined by Landers et al. 32 it can be shown that for scaffolds having the same porosity the strut diameter is proportional to the pore size. Euler's buckling load is proportional to the fourth power of strut diameter and inversely proportional to the square of strut length (which approximately equals pore size). Hence, scaffolds with smaller pore size have reduced yield strength (Table II) . In addition, it has been reported that cell wall curvature reduces the mechanical properties below values that would be expected if the walls were planar. 26 It is apparent that the shape of larger salt particles is cubical while that of the smaller size salt particle is less defined but without sharp edges (Fig. 2) . This results in a scaffold with planar walls for larger salt particle [ Fig. 3(b,d) ] versus rounder walls for smaller particle size [ Fig. 3(a,c) ].
The addition of chitosan content into the blends increased the compressive modulus of the scaffolds produced using the PCL and PBTA blends. In the Figure 6 . Stress-strain plot of polyester scaffolds with 60% porosity with particle size range between 250 and 500 lm. Figure 7 . Effect of chitosan content on polybutylene succinate scaffold with a porosity of 60% with particle size range between 250 and 500 lm.
case of the scaffolds produced using PBS and PBSA blends, the addition of chitosan resulted in an opposite effect. This behavior was observed independently of the pore size for both cases. The chitosan content caused a small variation in the yield stress but a significant difference in the strain at yield (data not shown). This observation is common for all the samples, independent of composition and porosity, except for samples containing 70% chitosan. The stress-strain diagrams show no yielding point. The stress decreases sharply after the peak, and at 20-30% strain, the samples collapsed (stress 0). The scaffolds produced with other brittle materials (50% chitosan/50% PBS, and 70% chitosan/30% PBS) have an oscillating plateau region. This region is marked by progressive collapse occurring as a result of continued deformation of existing cracks as well as by the formation of new ones. As strain progresses, the structure is further compressed, and densification causes the stress to raise again until the next fracture that releases the stress again. This is responsible for the oscillations in stress. The drop in stress is observed for stress levels between 50 and 60% of the peak stress. Reproducibility, particularly for the high porosity samples of the aforementioned blends, is poor. This is probably because of difficulties in cutting the specimens as well as by any unintended anisotropy of the pore structure. During the early stages of compression, at the initiation of crack, the brittle nature of the scaffolds leads to the formation of powder material and some mass loss due to fragments detaching from the scaffolds. The stress-strain curves of scaffolds obtained using composites containing chitosan/polyester and HA are shown in Figures 8 and 9 . These scaffolds were produced using just the higher salt particle size range. The value for yield strength and compressive modulus is given in Table III . Composites of chitosan and hydoxyapatite with either PCL or PBTA are able to carry loads to strains well beyond their ultimate strains. The exceptions are composites containing 50% chitosan and PBS with HA (Fig. 8) where a linear increase is observed after which the stress decreases for increasing strains. In these materials, the densification process, apparent in the more ductile material, seems to be absent. The specimens fail by a brittle process and an abrupt loss of load carrying capacity after attaining peak stress. The failure initiates in the region having the lowest density or clusters of defects or weaker regions. The probability of weak regions is significantly higher in the highporosity samples than in samples with lower porosity. As the HA content in the blend increased (Fig.  9) , both yield stress and strain at failure decreased. Addition of HA led to a decrease in the compressive yield stress for all blends. The compressive modulus was also lower for blends containing HA, except for scaffolds containing PCL. Similar results were observed on compact injection-molded tensile testing samples. 23 Morphological observations using SEM indicate 23 that HA particles have minimal adhesion to the chitosan/polyester matrix and debond easily during deformation, thus not contributing significantly to the stiffening of the material.
The foams can be construed to be made up of interconnected beams. In open-cell foams, the cell edges initially deform by bending. Cell struts in foams subjected to compressive loading fail either by elastic buckling when the maximum compressive stress exceed the Euler buckling load, or by crushing when the maximum stress exceeds the modulus of rupture, 33 that is, the strength of foams is dependent on the strength of the struts parallel to the direction of the applied load. Euler buckling load depends on the elastic modulus and slenderness of the individual cell walls. Hence, materials with lower elastic modulus also display lower compressive yield strength. Brittle crushing occurs when the critical skin stress exceeds the cell-wall modulus. The failure stress and cell-wall modulus depend on cell size, relative density, and Weibull modulus, which is related to the properties of cracks and flaw size distribution 29 The elastic buckling strength of foams is given as follows 29 :
where E s is the elastic modulus of the solid cell struts (assumed in our case to be equal to the modulus of the solid material) and n 2 is the end constraint factor that depends on stress state and buckling mode. The value of n 2 for biaxial compression is taken to be 0.36. The buckling stress computed from Eq. (1) (data not shown) when compared to experimentally measured yield yielded a correlation coefficient r 2 5 0.925. Possible reasons for deviations include inhomogeneous density distribution leading to density gradient, 28 kinks and wriggles in cell walls 34 or nonuniform material distribution in cell walls. 35 
Differential scanning calorimeter
For DSC analyses, scaffolds from chitosan/PBS blends and processed using salt particles of higher size range and with 60% porosity were selected. Normalized DSC scans of PBS-based materials were shown in Figure 10 . The melting peak of the PBS fraction is visible in the thermograms, and the corresponding melting temperature and melting enthalpy are shown in Table IV . The crystallinity degree of the PBS component was calculated by knowing the theoretical value of DH m for 100% crystalline PBS, that was taken as 110.3 J/g, calculated on the basis of the group contribution method proposed by Van Krevelen. 36 The melting temperature is found to decrease with increasing chitosan content, as detected before in injection-molded samples with the same composition. 22 The same trend was also observed in blends of poly(3-hydrpxybutyrate) and chitosan, 37 and attributed to strong intermolecular interactions between the chitosan and the polyester chains, resulting in thinner lamellar thickness crystals. However, despite this reduction of crystalline perfection, it was found that the total degree of crystallinity in the PBS fraction increased with increasing chitosan content. This suggests that, in this case, chitosan could act as a nucleating agent for PBS. The results (Fig. 10 ) also suggest that the melting peak may reflect the presence of two processes as, with increasing chitosan content a lower temperature shoulder is progressively enhanced. This may be an indication that chitosan may induce, in fact, the development of crystalline structures with a different lamellar morphology than that appearing in pure PBS. As such structures melt at lower temperatures, they should be composed of thinner lamellae. Comparing the thermal behavior of the scaffolds and the injection-molded compact samples made of the same materials, 22 we may conclude that the former present lower melting temperature, indicating that shear can induce the production of more perfect/thicker crystalline structures.
Crystallinity
Small angle X-ray scattering SAXS may provide further insights on the microstructure at the lamellae scale. The inset of Figure 11 shows, as a representative result, the 2D SAXS pattern of the 25/75 chitosan/PBS sample. As found in all the analyzed scaffolds, the results are consistent with the conventional lamellar structure, where the well-defined Debye ring is indicative that no preferential crystalline orientation exists. The 2D patterns were integrated using the X-ray software, version 1.0, allowing obtaining the intensity as a function of the scattering vector, s. Figure 11 shows some Lorentz-corrected scattering profiles for some analyzed The degree of crystallinity within the PBS fraction is also included.
PBS-based materials. The position of the peaks were used to calculate the average long period, L 5 1/ s max . A slightly higher value of L was found for the 50/50 chitosan/PBS scaffold (L 5 9.6 nm) with respect to the other two materials (L 5 8.9 nm). An interesting result arises when one compares the morphology of such materials with those processed by injection molding, where the long period was found to be around 7.5 nm. 22 This finding demonstrates the importance of the processing conditions on the developed morphology.
Wide angle X-ray scattering Figure 12 shows the diffraction diagrams for some PBS-based scaffolds. The typical diffraction features of PBS are observed: peak at 2u 19.38, assigned to the (111) and (002) planes, a peak of (110) at 2u 22.28, with a shoulder at lower angles associated with the (012) planes, a peak of (121) at 2u 25.98 and a peak of (111) at 2u 298. An electron diffraction study showed that PBS chains crystallize in monoclinic crystal lattice, with a 5 0.523 nm, b 5 0.908 nm, c 5 1.079 nm, and b 5 123.878. 38 No change in peak position is found when the chitosan content changes. However, a close inspection on the half-width of the two major diffraction peaks, b, leads to the conclusion that the peaks are broader for the blend with 50% chitosan than the blend with 25% chitosan. This would indicate that the size of the crystalline structures, L hkl , is higher in the sample richer in PBS, as L hkl is intimately related to b by the Scherrer's equation 39 : L hkl 5 kk/(b cos u), where k is an instrument constant and k is the wavelength of radiation used. This result correlates well with the DSC results, where from the analysis of the melting temperatures, it was possible to conclude that, with increasing chitosan content in the blends, the global crystalline structure of PBS would be more imperfect or characterized by thinner lamellae.
Cytotoxicity evaluation
Cytotoxic tests are a very important tool to evaluate a biomaterial in terms of toxic effect over cell growth and viability. L929 cells were exposed to extracts from the scaffolds for 72 h and the cellular response evaluated by MTS viability assay. In general, the MTS test results showed that L929 cells produced large amounts of a brown formazan product after incubation with the tested extracts. These results demonstrated that cells were viable, once they were able to incorporate and metabolize the substrate.
All materials, except the scaffolds composed by 50C/50PCL-60, 50C/50PCL-80 with pore size ranging between 63 and 125 lm (Fig. 14) , presented a high percentage of cell viability.
The extracts of scaffolds with larger pores (Fig. 13 ) showed cellular viability higher than 50% relative to the negative control. Extracts of scaffolds composed with HA (Fig. 13) , irrespective of the percentage of HA, evidenced no adverse effects on cell viability and shown high values of cellular viability of 80% with respect to negative control.
A significant variability in the results of cytotoxicity of extracts from scaffolds of the same blend mix- ture was observed, with pore sizes ranging between 63 and 125 lm (Fig. 14) , evidenced by large standard deviation bars. This observation may be related with the morphology of the scaffolds, namely the pore size. Those scaffolds were produced by salt leaching using finer salt particles. The porogen size being smaller it may be more difficult to leach out all the salt particles, and it might be possible to have more particles entrapped in the scaffold structure. This may significantly influence the toxicity by the leachable components released to the extract that will be in direct contact with cells.
Blends with PBS show the highest results of cell viability. In fact, an increase on the percentage of polyester is observed not to have direct influence in cell viability. A recent study of our group 40 reports the osteogenic behavior of mesenchymal stem cells (MSCs) seeded and cultured onto 60% porosity scaffolds produced with 50C/50PBS, 50C/50PCL, and 50C/50PBTA. The porogen size was in the range of 250-500 lm. Results evidenced a remarkable cell behavior upon those chitosan-based scaffolds, in terms of cell adhesion and viability, as well the formation of mineralized extracellular matrix. The same compounds, but with 80% porosity and porogen particles with size of 65-125 lm, were studied for chondrogenic applications, with MSC differentiation toward a chondrogenic lineage, 41 also showing excellent cell viability and activity when seeded at the surface of those materials.
The present study has shown only in one case, PCL/chitosan with smaller pore size, high values of toxicity of extracts from the scaffolds. However, it must be noted that this result was not confirmed for the same material in scaffolds with larger pore size. Thus, this exception in terms of cytotoxicity of extracts must be specifically caused by either the morphology of the scaffold or the preparation method and probably not by the materials.
Thus, the results herein reported of cytotoxicity of extracts from the scaffolds produced from novel developed chitosan-based blends show overall good viability of the cells (greater than 50% of the values of negative control) and those scaffolds will be further developed for various tissue engineering applications. Figure 13 . Cytotoxicity results of the 72-h extracts of scaffolds obtained with particle size range between 250 and 500 lm, namely 50C/50PBS-60, 50C/50PBS-80, 50C/50PCL-60, 50C/50PCL-80, 50C/50PBTA-60, 50C/50PBTA-80, 25C/75PBS-60, 25C/75PBS-80, 50C/50PBS/10HA-60, 50C/50PBS/20HA-60, 50C/50PBS/30HA-60, and positive control of cell death, latex. Results are based on optical density measurements, at OD of 490 nm, and normalized for the negative control (n 5 6; 6 SD; p < 0.05). Figure 14 . Cytotoxicity results of the 72-h extracts of scaffolds obtained with particle size ranging between 63 and 125 lm, namely 50C/50PBS-60, 50C/50PBS-80, 70C/ 30PBS-60, 25C/75PBS-80, 50C/50PCL-60, 50C/50PCL-80, 50C/50PBTA-60, and positive control of cell death, latex. Results are based on optical density measurements, at OD of 490 nm, and normalized for the negative control (n 5 6; 6 SD; p < 0.05).
CONCLUSIONS
In the present study, chitosan-based porous scaffolds with different architectures were produced by melt-based compression molding followed by salt leaching. The microarchitecture of the developed scaffolds was accessed by SEM and lCT. By changing both the amount and average particle size of the porogen agent used, it was possible to prepare scaffolds with different macroscopic architecture using a melt-based approach. As expected, the amount of porosity was inversely proportional to the final mechanical properties of the developed scaffolds. For the scaffolds produced using similar particle size range, increasing the porosity decreased the yield stress and the compression modulus. Scaffolds prepared using particles of smaller size were observed to have lower compressive modulus than the ones prepared using a larger particle size range. Although contrary to the expected result, it was shown by analyzing the morphology to be consistent with the pore interconnectivity observed. Addition of chitosan increased the compressive modulus of the scaffolds produced using PCL and PBTA, but reduced the compressive modulus of those developed using PBS and PBSA. Addition of HA led to a decrease in the compressive yield stress and compressive modulus, probably because of the low interface adhesion. Thermal properties of chitosan-PBS-based scaffolds were analyzed, and it was found that the melting temperature decreased with increasing chitosan content. Microstructure analysis (WAXS and SAXS) demonstrated that with increasing chitosan content in the chitosan-PBS blends, the global crystalline structure of PBS would be more imperfect or characterized by thinner lamellae. Cytototoxic evaluation by means of MTS test revealed that L929 cells had similar metabolic activities to that obtained by the negative control. Therefore, the leachables released from the tested scaffolds could be considered as nontoxic and clearly cytocompatible.
